Although 60 million people are exposed to human African trypanosomiasis, drug companies have not been interested in developing new drugs due to the lack of financial reward. No new drugs will be available for several years. A clearer understanding of the distribution of existing drugs into the brains of sleeping sickness patients is needed if we are to use the treatments that are available more safely and effectively. This proposal addresses this issue by using established animal models. Using in situ brain perfusion and isolated incubated choroid plexus techniques, we investigated the distribution of [ 
H]suramin would be unlikely to treat the second or CNS stage of sleeping sickness.
Although human African trypanosomiasis (HAT), also known as sleeping sickness, was almost eradicated during the 1960s, the relaxation of surveillance has led to a resurgence of this debilitating disease. In 1998 there were almost 40,000 reported cases, with a further 300,000 to 500,000 estimated to have remained undiagnosed (43) . Reintroduction of chemotherapy-dependent control programs has been successful in halving the number of reported cases, but the prevalence in some areas of the Democratic Republic of Congo remain as high as 50%, higher than that of human immunodeficiency virus (43) .
A further consequence of the underinvestment in the control of HAT is the limited number of drugs currently available for treatment, without which the disease is fatal (7) . These drugs are also toxic and can encounter parasite resistance (7) . The type of drug offered to patients depends on the presence of the parasite in the brain. If the disease has progressed to the central nervous system (CNS) stage, then the drug must be able to reach this restricted site in order to be effective. However, most of the existing drugs currently used to treat HAT were developed over 40 years ago, and no study has directly investigated their ability to reach the brain. This issue is now of concern because in some patients single drugs no longer work. Consequently, two drugs are being used in combination, with little understanding about their therapeutic effects, although in some cases it has been proposed that improved cure rates are a result of improved drug entry into the brain.
Suramin, a polysulfonated naphthylurea, is used to treat the first stage of infection, when the parasites are largely found in the blood, but it is considered ineffective once the parasite has invaded the CNS. This is thought to be due to the inability of suramin to cross the blood-brain barrier (BBB) and the bloodcerebrospinal fluid (CSF) barrier in sufficient quantities to reach active concentrations in the target tissues. Nonetheless, there is experimental evidence that suramin can reach specific parts of the CNS, as suramin successfully cleared Trypanosoma brucei rhodesiense from the cerebral cortex, but not the choroid plexus or ventricular wall, of infected mice (34) . Interestingly, suramin is taken up by human dermal microvascular endothelial (HMEC-1) cells by an active process involving the caveola system (14) . In addition, suramin is thought to slowly enter the parasite by receptor-mediated endocytosis (31) , which is possibly linked to host low-density lipoprotein (LDL) endocytosis (40) . Furthermore, LDL receptors are expressed at the BBB (29) and are believed to be involved in the transcytosis of LDL from the blood to the brain (11) . However, no study has investigated if suramin uses any form of receptor-mediated endocytosis to enter the CNS. If suramin does use this type of pathway to cross the brain barriers, different regional expression of the receptors may explain the ability of suramin to reach select areas of the CNS. Furthermore, coadministration of suramin with drugs that are active against the second, CNS stage, namely, melarsoprol, nifurtimox, and eflornithine, has been shown to improve cure rates (2, 7, 9, 19, 34) . Inhibition by suramin of the P-glycoprotein (P-gp) transporter at the BBB, thus preventing the removal of the second-stage drug from the brain, has been put forward as a possible explanation for this observation (12, 13) , but this hypothesis remains untested.
A clear understanding of how these drugs enter and leave the CNS is essential if we are to optimize their use in terms of improving efficacy and reducing toxicity and in suggesting the use of new combinations of existing drugs. Human studies on the CNS are limited to CSF analysis and postmortem examinations. Hence, experimental models in animals are necessary if we are to further our understanding of the potential efficacies of the drugs. This study uses brain/choroid plexus perfusion and isolated incubated choroid plexus techniques with wild-type and P-gp transporter-deficient mice to examine the distribution of suramin into the CNS in detail. Ϫ/Ϫ mice (weight, approximately 25 g) were used for the in situ brain perfusion experiments. All animals were maintained under standard conditions of temperature and lighting and were given food and water ad libitum.
MATERIALS AND METHODS

Materials
In situ perfusion technique. All experimental procedures were within the guidelines of the United Kingdom Animals (Scientific Procedures) Act of 1986. Adult mice were anesthetized (medetomidine hydrochloride [2 mg/kg of body weight], ketamine [150 mg/kg]) and heparinized (100 U given intraperitoneally), and the brains were perfused via the left ventricle of the heart with warmed (37°C) artificial, oxygenated plasma for periods of up to 30 min. The artificial plasma consisted of a modified Krebs-Henseleit mammalian Ringer solution with the following constituents: 117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 24.8 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 10 mM glucose, and 1 g/liter bovine serum albumin. With the start of perfusion the right atrium of the heart was sectioned to prevent the recirculation of the artificial plasma. After perfusion periods ranging up to 30 min, a CSF sample was taken from the cisterna magna and the animal was decapitated. The brain was removed and samples were taken under a Leica S4 E stereozoom microscope as follows: cerebral cortex, pineal gland, IVth ventricle choroid plexus, caudate putamen, hippocampus, pituitary gland, hypothalamus (including the suprachiasmatic nucleus), thalamus, pons, and cerebellum. These tissue regions were selected to determine the suramin concentration in CNS areas known to be invaded or affected by the trypanosome (21, 27, 32, 34, 35) . These brain tissue samples, together with the CSF and plasma samples, were then prepared for radioactive liquid scintillation counting (Packard Tri-Carb; Perkin-Elmer, Beaconsfield, United Kingdom). All samples were solubilized by the addition of solvable (Perkin-Elmer Life and Analytical Sciences) and liquid scintillation fluid (Lumasafe; Perkin-Elmer).
Capillary depletion assay. Brain tissue samples were also taken for capillary depletion analysis. This assay examines the accumulation of the test drug in the vascular endothelial cells. In brief, brain tissue was homogenized in physiological buffer (brain weight ϫ 3) and 26% dextran (brain weight ϫ 4). The homogenate was subjected to density gradient centrifugation (5,400 ϫ g for 15 min at 4°C) to give an endothelial cell-enriched pellet and a supernatant containing the brain parenchyma and interstitial fluid (38) . The homogenate, pellet, and supernatant samples were solubilized and counted as described above.
Perfusion fluid flow. The clearance of [
14 C]butanol (3.3 Ci/animal) from the artificial plasma after a perfusion time of 20 s and a heart perfusion flow rate of 1.8, 2.7, 5, 7.5, 10, or 12 ml/min was measured in adult BALB/c mice. The amount of radioactivity per gram of brain tissue was expressed as the amount of radioactivity per milliliter of artificial plasma. This was then divided by the length of perfusion (in minutes) and could be defined as the initial uptake clearance (10 Since the uptake of suramin by Trypanosoma has been shown to occur via receptor-mediated endocytosis, the perfusions in BALB/c mice were also performed with 150 M phenylarsine oxide (a trivalent mono-substituted organoarsenic compound which is an inhibitor of endocytosis) for 10 min, followed by a further 10-min perfusion with the artificial plasma also containing [ 3 H]suramin and [ 14 C]sucrose. The brains were then sampled and the counts were determined as described previously. The results were compared to those from control experiments in which the brains were perfused for 10 min without any unlabeled or labeled drugs, followed by a further 10-min perfusion with the artificial plasma containing [ 3 H]suramin and [ 14 C]sucrose. As the phenylarsine oxide was dissolved in dimethyl sulfoxide (DMSO) and diluted with artificial plasma to achieve a final concentration of 150 M phenylarsine oxide in 0.05% DMSO, control experiments were also performed in which the artificial plasma contained 0.05% DMSO.
(ii) P-gp transporter. The use of heart perfusion in wild-type (FVB Mdr1a/ Mdr1b ϩ/ϩ ) mice and P-gp transporter-deficient (FVB Mdr1a/Mdr1b Ϫ/Ϫ ) mice to demonstrate P-gp transporter efflux was examined by the use of dexamethasone, a well-known substrate of the P-gp transporter (28) . The first experiments involved a 10-min isotope-free perfusion, followed by a 2.5-min perfusion with [ 3 H]dexamethasone (3.0 nM) and [ 14 C]sucrose (1.0 M) in both the wild-type and P-gp transporter-deficient mice. In order to examine the ability of suramin to inhibit the P-gp transporter, a further experiment involved an isotope-free preperfusion of 10 min with 150 M unlabeled suramin, followed by a 2.5-min perfusion with artificial plasma that also contained [ ϩ/ϩ ) mice and P-gp transporter-deficient (FVB Mdr1a/Mdr1b Ϫ/Ϫ ) mice was compared. In all these experiments, the brains were sampled and the counts were obtained as detailed above.
Expression of results. The concentration of 3 H or 14 C radioactivity present in the brain, choroid plexuses, and CSF ([C Tissue ], dpm/g of tissue, or [C CSF ], dpm/ml of fluid, as appropriate) was expressed as a percentage of the concentration of radioactivity detected in the artificial plasma (dpm/ml of plasma) and was termed R Tissue % and R CSF %, respectively, as appropriate. This R Tissue % reflects the concentration of radioactivity detected in the intracellular and extracellular (including the vascular space) compartments of the brain tissue sample, as well as any radioactivity bound to cellular membranes. It is possible to correct for the contribution of the vascular space by subtracting the R Tissue % for [ 14 Ϫ/Ϫ mice were anesthetized and heparinized, and the left ventricle of the heart was perfused with artificial plasma for 4 min. The right atrium was sectioned to allow outflow of the artificial plasma. The animal was then decapitated and the brain was removed. The IVth ventricle choroid plexus was then located and removed. The isolated tissue was incubated in warm (37°C), artificial CSF (1) for 10 min, followed by a 2. were also present. The tissue was then removed and weighed. The choroid plexus was solubilized in 0.5 ml of solvable (Perkin-Elmer Life and Analytical Sciences) over 24 h and taken with samples of the incubation medium (artificial CSF) for liquid scintillation counting. The levels of radioactivity in the choroid plexus (dpm/g) were measured as a ratio of the concentration in the CSF (dpm/ml). The association of [ 3 H]suramin with the choroid plexus was corrected for the extracellular space component by subtracting the [ 14 C]sucrose ratio. The choroid plexuses taken from BALB/c mice were also incubated in the presence of 150 M phenylarsine oxide. The phenylarsine oxide was dissolved in DMSO and diluted with artificial CSF to achieve a final concentration of 150 M phenylarsine oxide in 0.05% DMSO. A set of control experiments also contained 0.05% DMSO.
Octanol-saline partition coefficient and protein binding. The octanol-saline partition coefficients of [ 3 H]suramin and [ 14 C]sucrose were determined in triplicate, as described previously (1) . The percentages of binding to proteins in the artificial plasma, mouse plasma, and human plasma were determined by ultrafiltration centrifugal dialysis (16) . Mouse plasma was obtained by exsanguination via the heart of male FVB mice. The blood was collected into heparinized syringes and centrifuged at 5,400 ϫ g for 10 min, and the plasma was removed. Lyophilized human plasma was purchased from Sigma Chemical Company and was reconstituted in 1 ml deionized water. (The plasma had been prepared from whole blood that had been mixed with the anticoagulant 3.8% trisodium citrate [9:1] and then centrifuged. The resulting plasma was then filtered through 0.45-m-pore-size filters and lyophilized.) Ultrafiltration of [ 3 H]suramin (0.14 Ci) dissolved in 0.7 ml of a warmed sample was carried out with the use of a Centrifree micropartition device (Amicon, Beverly, MA). In addition, to confirm that the majority of the protein was retarded by the micropartition filter, the protein concentration was determined by the Lowry method with bovine serum albumin as the standard. The saline and artificial plasma samples produced no detectable protein in their ultrafiltrates, and only 1.5% and 0.5% of the total protein present in the mouse plasma and the human plasma samples, respectively, were detected in their ultrafiltrates.
Data analysis. The data from all the experiments are presented as means Ϯ standard errors of the means (SEMs). The relationship between [
14 C]butanol clearance into the CNS and artificial plasma flow rate was examined for linearity; and the correlation coefficient (r), the F-test statistic, and the level of significance that the flow rate could be used to predict the clearance of [
14 C]butanol were reported. Statistical analysis was carried out with Sigma Stat software (SPSS Science Software UK Ltd., Birmingham, United Kingdom), and significance was taken as a P value of Ͻ0.05.
HPLC analysis. To ensure the integrity of the radiolabeled suramin during perfusion through the cerebral circulation, samples of the arterial inflow (i.e., [ 3 H]suramin in artificial plasma) and the venous outflow, taken after a 10-min perfusion with [ 3 H]suramin, were examined. These were compared to the venous outflow taken at 7 min during a perfusion with artificial plasma only (data not shown). Both arterial inflow and venous outflow samples were analyzed by high-pressure liquid chromatography (HPLC) after the following extraction procedure of Kassack and Nickel (23) . Briefly, 250 l of artificial plasma was vortexed with an equal volume of 1 M tetrabutylammonium bromide, and then 500 l ice-cold acetonitrile was added. The sample was mixed and stored overnight at 4°C. These samples were then centrifuged at 3,000 ϫ g for 10 min, and 100 l supernatant removed. The supernatants and unextracted [ 3 H]suramin standards in water were then injected, separately, onto a Hypersil MOS1 5-m RP8 (100 by 2.1 mm) column (23) . Separation was carried out by gradient elution on a Jasco HPLC system (Jasco Great Dunmow, Essex, United Kingdom). The eluant was a mixture of solvents A and B, where solvent A was 25% methanol in 0.02 M phosphate buffer (pH 6.5) containing 6.25 mM tetrabutylammonium hydrogen sulfate and solvent B was 100% methanol. The sample was eluted at a flow rate of 0.6 ml/min by using a gradient of 20 to 53.6% solvent B over 0 to 8 min, followed by a 4-min linear gradient to 100% solvent B (8 to 12 min). Conditions were held at 100% solvent B for a further 2 min (12 to 14 min) and were then returned to the initial conditions of 20% solvent B over 3 min (14 to 17 min), and the column was allowed to equilibrate (17 to 20 min). The UV absorbance was monitored at 238 nm, and then the column eluant was passed into a radioactive detector (Packard, Pangbourne, United Kingdom), where it was mixed 1:3 with scintillation fluid (Ultima Flo M; Packard) and passed through a 0.5-ml flow cell for real-time radioactive analysis.
RESULTS
[
14 C]butanol clearance. The clearance of [ 14 C]butanol into different brain regions after heart perfusion at fluid flow rates ranging from 1.8 to 12 ml/min is illustrated in Fig. 1 and can be seen to increase with increasing flow. There was a linear relationship between [ 14 C]butanol clearance and the heart perfusion fluid flow rate in the frontal cortex, caudate putamen, occipital cortex, hippocampus, cerebellum, pons, hypothala- Fig. 2 14 C]sucrose in the IVth ventricle choroid plexus (P Ͻ 0.001), pineal gland (P Ͻ 0.001), and pituitary gland (P Ͻ 0.001; two-way ANOVA) (Fig. 2) and FVB Mdr1a/Mdr1b Ϫ/Ϫ mice was similar to that in BALB/c mice ( Fig. 2 and 5 14 C]sucrose in the choroid plexus (P Ͻ 0.001 and P Ͻ 0.001 for the wild-type and knockout mice, respectively; two-way ANOVA), pituitary gland (P ϭ 0.027 and P ϭ 0.006, respectively; two-way ANOVA), and pineal gland (P ϭ 0.002 and P Ͻ 0.001, respectively; two-way ANOVA). Ϫ/Ϫ mice for the frontal cortex (2.5% Ϯ 0.3%), caudate putamen (2.5% Ϯ 0.4%), hypothalamus (5.8% Ϯ 0.7%), thalamus (3.4% Ϯ 0.2%), and cerebellum (2.5 Ϯ 0.4%) compared with that in FVB Mdr1a/Mdr1b ϩ/ϩ mice, thus confirming the efflux of [ 3 H]dexamethasone via the P-gp transporter in these regions (Fig. 6) . Capillary depletion analysis of the remaining brain tissue sample showed that the distribution of [ 3 H]dexamethasone was also significantly higher in the homogenate and the supernatant from the P-gp transporter-knockout mice than from the wild-type mice. Although the association of tritiated dexamethasone was higher in the pellet obtained from the knockout mice than that in the pellet obtained from the wildtype mice, this difference did not attain statistical significance. A significant change in the distribution of [ 3 H]dexamethasone in P-gp transporter-deficient mice compared to that in wildtype mice could not, however, be detected in the occipital cortex, hippocampus, pons, or the CVOs (pineal gland, choroid plexus, or pituitary gland) by use of a perfusion time of 2.5 min. Figure 6 also shows the results of a further experiment 3 H]dexamethasone was observed in any of these brain regions upon exposure to suramin; on the contrary, there appeared to be a reduction in the distribution for all brain tissue samples, but this was significant only in the frontal cortex and caudate putamen (Fig. 6 ). As observed in BALB/c mice, a 20-min exposure to unlabeled suramin did not affect the integrity of the barrier, as measured by the level of HPLC analysis. The HPLC chromatograms shown in Fig. 7 confirm that the integrity of the [ 3 H]suramin was maintained over a 10-min perfusion period. The [ 3 H]suramin in the arterial inflow and venous outflow samples was eluted from the column and detected by the radiodetector at 9.3 Ϯ 0.02 min (n ϭ 6 samples). This matched the results from the radiolabeled suramin standard. Suramin was not present in any sample at sufficient concentrations to be detected by UV absorption. An additional radioactive peak was also eluted with the solvent front from the arterial inflow and venous outflow samples. This peak area was similar in both the arterial inflow and venous outflow samples (P ϭ 0.611; Student's t test; n ϭ 3 mice) but was not present in the [ 3 H]suramin standard; hence, it would appear to be the result of the extraction procedure. The area of the [ 3 H]suramin peak for the venous outflow samples was not significantly different from that for the arterial inflow samples (P ϭ 0.333; Student's t test; n ϭ 3). No additional radioactive or UV peaks were observed in either the venous outflow samples or the arterial inflow samples. 
DISCUSSION
The brain/choroid plexus perfusion method for examination of the distribution of molecules into the brain and CSF is an established technique in the rat (24) and guinea pig (16, 38) . Murine brain perfusion via a carotid artery with flow rates of 1 to 2.5 ml/min is also an established method (10) and allows examination of molecule movement into the perfused cerebrum. To examine the distribution of a drug into the murine brain and CSF compartments, a heart perfusion method that perfuses both carotid arteries and, therefore, both cerebral hemispheres can be used (4, 15) . Banks et al. (4) used a flow rate of 2 ml/min through the heart, which filled the vascular space without disrupting the BBB. In this study we explored the effect of using higher flow rates on barrier integrity and 14 C]butanol clearance values achieved after perfusion through the heart were lower than those achieved after perfusion through the carotid artery (10) . Interestingly, at a fluid flow rate of 12 ml/min through the heart, the clearance of [ 14 C]butanol into the occipital cortex was 45.4 Ϯ 9.9 ml min Ϫ1 100 g Ϫ1 . This is not as high as the 255 ml min Ϫ1 100g Ϫ1 measured for [ 3 H]diazepam at a flow rate of 2.5 ml/min through the carotid artery (10) . In the present study no barrier disruption was observed at any flow rate measured (up to 12 ml/min). At a flow rate of 5 ml/min through the heart, the [ 14 C]sucrose space in the occipital cortex reached 1.5 Ϯ 0.2 ml/100 g, which is similar to the 1.3 Ϯ 0.2 ml/100 g achieved by perfusion of the carotid artery of the mouse (10) . The differences between the brain regions, such as higher [ 14 C]sucrose values in the cerebellum, were also in agreement with the findings presented in previous reports (10) . The cardiac output in a mouse has been measured by various groups and ranges from 5.2 to 32.5 ml/min for a 25-g mouse (18) . Based on all these findings and the flow rates used in earlier studies, we used 5 ml/min for the following heart perfusion experiments, as this was a practical working flow rate that ensured that the cerebral vascular space was filled and that the integrities of the barriers were maintained.
The distribution of suramin into the CNS has not previously been studied. [ 14 C]sucrose, a nonmetabolizable carbohydrate, is excluded from the brain, as it does not cross the BBB (25) (31) , and this is possibly indirectly linked to LDL (40) . In addition, the caveola system is important in [ 3 H]suramin uptake by the human dermal microvascular endothelium (14) . Phenylarsine oxide inhibits the endocytosis of molecules at the BBB (37) and of LDL in human umbilical vein endothelial cells (8) . Although the mechanism for this effect is unknown, it is thought that phenylarsine oxide covalently modifies cellular sulfhydryl groups, resulting in the inhibition of endocytosis (42) (20) .
The P-gp efflux transporter has a broad substrate recognition and affects the pharmacokinetics of drugs. The hypothesis that [ 3 H]suramin does not reach the brain due to the expression of the P-gp transporter on the luminal and possibly abluminal surfaces of the capillaries (6) was tested. In mice, the P-gp transporter is encoded by Mdr1a and Mdr1b, which have 90% sequence homology to each other and 80% sequence homology to human MDR1. Interestingly, the locations of the two isoforms in mice vary, but there is evidence to suggest that both Mdr1a and Mdr1b are expressed at the BBB (22, 39) . Thus, we used mice lacking Mdr1a and Mdr1b to ensure that P-gp transporter activity at the BBB was completely eliminated. Initial results with [ 3 H]dexamethasone, a P-gp transporter substrate (28) , revealed that molecule efflux via the P-gp transporter could be confirmed by using heart perfusions in Mdr1a/ Mdr1b ϩ/ϩ and Mdr1a/Mdr1b Ϫ/Ϫ mice. The distribution of [ 3 H]dexamethasone in the frontal cortex, hypothalamus, thalamus, cerebellum, and caudate putamen was higher in mice that did not express the P-gp transporter. Interestingly, the P-gp transporter did not influence the distribution of [
3 H]dexamethasone to the CVOs. This agrees with the findings of a study that examined the distribution of [ 3 H]dexamethasone to the pituitary (28) . Furthermore, the P-gp transporter has a subapical localization in the choroid plexus epithelium (33) , and its functional role in molecule movement at the choroid plexus is unclear (1, 3) . Our studies with Mdr1a/Mdr1b ϩ/ϩ and Mdr1a/Mdr1b Ϫ/Ϫ mice revealed that [ 3 H]suramin was not prevented from reaching the CNS because of P-gp. It is possible that suramin inhibits the CNS removal of P-gp transporter substrates (12, 13, 26) , and this may explain the synergistic effect observed when patients are treated with suramin in combination with melarsoprol, nifurtimox, and eflornithine. However, we found no evidence that unlabeled suramin inhibited the distribution of [ 3 H]dexamethasone. Further studies indicated that pentamidine, melarsoprol, nifurtimox, and eflornithine did not significantly affect the distribution of [ 3 H]suramin into the CNS. The considerable ability of suramin to bind to plasma proteins is expected, as the six negatively charged sulfonate groups allow this compound to bind to proteins, presumably because of a weak ionic interaction between these residues and basic amino acids. Clinical pharmacokinetic studies have shown that 99.7% of suramin is bound to plasma proteins, mainly albumin, and that suramin has a plasma half-life of 44 to 55 days. As such, [ 3 H]suramin would be expected to be poorly metabolized (14, 36) and, as confirmed by HPLC analysis, to remain intact and retain its integrity to the radiolabel during the perfusion periods.
In summary, suramin does not significantly cross the BBB or the blood-CSF barrier. We found no evidence for the involvement of a transporter, including the P-gp transporter, in the movement of this molecule into or out of the CNS. However, there was evidence of some form of interaction between suramin and plasma membranes, which is possibly linked to endocytosis. Furthermore, the enhanced clinical efficacy of suramin in combination with other antitrypanosomal drugs is not correlated to a change in the CNS distribution of suramin or the use of the P-gp efflux transporter.
